S pontaneous molecular oscillations in cells are common in biology 1 . Examples in eukaryotic and prokaryotic cells include genetic oscillations during circadian rhythms 2 , oscillatory actin waves that drive protrusion activity in the lamella of spreading cells 3, 4 , oscillating Purkinje neuron activity that causes involuntary eye movement 5 , oscillations of spindle asters in C. elegans 6, 7 , spontaneous oscillations of auditory hair bundles, which modify and modulate the mechanical properties of the hair bundle, allowing for their adaptation to sounds of different frequency 8, 9 , RhoA-mediated periodic contraction of the actin cortex and associated periodic shape oscillations in spreading cells and in cells partially detached from their substratum, following microtubules disassembly [10] [11] [12] [13] [14] [15] , and periodic pole-to-pole oscillations of Min proteins, which control the formation and location of the Z-ring in elongated bacterial cells [16] [17] [18] [19] [20] [21] . Oscillations of cellular organelles and whole-cell shape oscillations have also been observed. For instance, the out-of-phase retractions of the trailing edge and leading edge in keratocytes result in periodic lateral oscillations of the cell body 22 , and the nucleus of neurons undergo interkinetic oscillations during retinal development 23 . Moreover, the nucleus, the microtubuleorganizing center and the Golgi apparatus of the fibroblastic cells and gliomas patterned on narrow adhesive stripes can undergo oscillatory motion along the stripes 24, 25 , although these oscillations are temporarily random, that is, the movement of these confined cells is not periodic. These different types of spontaneous oscillations occur in the absence of external force and are independent of initial conditions 1 . However, to our knowledge, spontaneous largescale periodic migration of a whole cell in the absence of an externally applied oscillatory chemical, stiffness or electric gradient has not been observed (Supplementary Movies 1 and 2 illustrate such periodic migrations).
The protein zyxin, which concentrates mainly at focal adhesions, along stress fibres (SF), and at the leading edge of cells on flat substrates, regulates cell motility [26] [27] [28] [29] [30] . Here we investigated whether and how zyxin regulated the motility of cells embedded inside a three-dimensional (3D) matrix, a more physiological setting. In a previous paper 31 , we found that zyxin depletion yielded higher 3D cell speed compared with control cells (whereas the depletion of other focal adhesion proteins typically decreased cell speed), as well as higher 3D-persistent distance of migration, higher protrusion activity, higher growth rate of protrusions and higher cell-induced force applied onto the matrix, but unchanged two-dimensional (2D) cell speed on 2D substrates. Here we focus on the shape of trajectories forged by cells in matrix, which we contrast to the conventional 2D case.
Results

Depletion of zyxin induces oscillatory migration in 3D matrix.
Similar to other single cells on 2D substrates, wild-type (WT) HT-1080 fibrosarcoma cells underwent random migration, that is, the trajectories of these cells were conventional 2D random walks ( Fig. 1a,b; Supplementary Movie 3) . This means that the paths taken by the cells on substrates were 2D (as shown below, these paths could have been one-dimensional (1D); Table 1 ) and that cells moved in a temporally random fashion along these 2D paths (they could have been periodic). These cellular trajectories are well described by just two parameters: cell speed and persistence time 32 , that is computer-generated 2D random-walk trajectories using only these two parameters are qualitatively similar 33 . Similarly, short hairpin RNA interference (shRNAi) zyxin-depleted cells placed on 2D substratum showed random-walk motility ( Fig. 1c ; Supplementary Movie 4; see Supplementary Fig. S1 for the characterization of the cells used in this paper). Moreover, the zyxin-depleted cells in which RNAi-resistant enhanced green fluorescent protein (EGFP)-zyxin was re-expressed ( Fig. 1d) , as well as cells depleted of other focal adhesion proteins, including talin ( Fig. 1e) , p130Cas ( Fig. 1f) , as well as vasodilator-stimulated phosphoprotein (VASP), focal adhesion kinase (FAK) and vinculin 31 , all showed random-walk motility.
Inside a 3D collagen I matrix, fully embedded WT HT1080 cells underwent 3D random-walk motility (Fig. 2a , Supplementary Movies 5 and 6). However, in striking contrast, the zyxin-depleted cells in a 3D matrix displayed highly periodic, oscillatory motion ( Fig. 2b-d and Supplementary Movies 1 and 2). Zyxin-depleted cells moved unidirectionally over distances of several cell lengths before undergoing a sharp change in direction of exactly 180°, typically without a pause and/or lateral movement, and proceeded in the opposite direction for approximately the same time and same distance, and so on (Fig. 2c,d ), along tracks that were either rectilinear or sometimes gently curved ( Fig. 2b-d cell to cell, but for each cell, they showed low coefficients of variations (Fig. 2c,d ), that is, these oscillations were periodic, not temporally random. These large-scale 1D periodic migratory oscillations occurred despite the fact that zyxin-depleted cells were completely embedded inside the matrix, which would a priori allow for movements of the cells in the entire 3D space of the matrix. Indeed, WT Left columns: schematics of possible and observed cell trajectories in 1D, 2D and 3D microenvironments. middle columns: temporal and dimensional characteristics of cell migration. Right columns: types of cells (WT or shRnA-depleted of specific proteins), in which such migratory patterns were observed in this paper. on 2D substrates, focal adhesion proteins (zyxin, vinculin, talin, and so on) do not control the dimensional and temporal characters of migration of cells. However, in 3D matrices, zyxin controls both the dimensional and temporal characters of the cell trajectories. moreover, the depletion of p130Cas and α-actinin, respectively, induces (mostly) 1D unidirectional and 1D random migration inside the 3D matrix. Finally, along the 1D stripes, depletion of zyxin and α-actinin induces periodic and random migration of cells, respectively. note that the lines of a 1D random or periodic cell trajectory are in actuality and by definition identically overlapping, but are drawn slightly separated here for clarity. cells inside a matrix generated trajectories that had an open 3D spatial topology (Fig. 2a,e) . The 1D periodic migratory patterns of the zyxin-depleted cells could not have been computer-generated as random walks by manipulating the values of cell speed and/or persistence 34 . Hence, our results reveal that, unlike for the 2D case, the two parameters, speed and persistence, are not sufficient to describe the 3D cell migration.
Ninety-six percent of WT cells underwent conventional 3D random-walk migration in the matrix, with 4% undergoing 1D random or 1D unidirectional migration (Fig. 2e) . In contrast, just 20% of the zyxin-depleted cells underwent 3D random-walk motion, 70% underwent 1D periodic oscillatory migration and 10% underwent 1D unidirectional migration during the 16.5 h of observation (Fig. 2f) . This difference may reflect the extent of zyxin depletion between individual cells. This remarkable 1D/oscillatory phenotype was largely rescued when RNAi-resistant EGFP-zyxin was reintroduced in zyxin-depleted cells (Fig. 2g) . Indeed, nearly 80% of the zyxin-depleted cells co-expressing RNAi-resistant EGFP-zyxin underwent regular random-walk motion in the 3D matrix that was similar to the 3D migration of the WT cells. Only 21% underwent 1D periodic motion and 1% underwent 1D unidirectional migration confined to 1D tracks inside the matrix (Fig. 2g) . Hence, the 1D/oscillatory zyxin phenotype is specifically caused by zyxin depletion and not an off-target effect of RNAi.
Zyxin phenotype is unique among focal adhesion proteins. Next, we assessed whether the 1D/oscillatory phenotype showed by cells depleted of the focal adhesion protein zyxin was shared by cells depleted of other well-known focal adhesion proteins. The depletion of major focal adhesion proteins, including talin ( Fig. 2h) and FAK( Fig. 2i ) did not qualitatively affect the mode of cell motility inside a 3D matrix compared with control WT cells; close to 100% of the cells depleted of these proteins formed the 3D random trajectories inside the matrix.
Finally, we verified that the 1D/oscillatory phenotype showed by HT-1080 fibrosarcoma cells depleted of zyxin was shared by other human fibrosarcoma cells, including 8387 fibrosarcomas (Supplementary Fig. S2 ). Zyxin-depleted 8387 fibrosarcomas cells also showed regular 1D periodic migratory oscillations within the 3D matrix. Together, these results indicate that zyxin has the distinct function of controlling the dimensionality of the trajectories (that is, 3D paths as opposed to rectilinear 1D paths in the matrix, Fig. 3a,b ) and the temporal character of the migratory patterns along these paths (that is, temporally random as opposed to periodic oscillatory or unidirectional, Fig. 3c,d ) inside a 3D matrix (see also Table 1 ).
Zyxin phenotype is mediated by partners α-actinin and p130Cas. Within cells on substrates, zyxin is localized to focal adhesions, SF and the leading edge of many motile cells where it interacts with its known binding partners: the F-actin-binding and crosslinking protein α-actinin, the cysteine-rich protein 1, the scaffolding protein p130Cas and the F-actin assembly regulator VASP 30, 35, 36 . We asked whether these proteins regulated 3D cell motility similarly to zyxin. ShRNAi α-actinin-and p130Cas-depleted cells showed no periodic migratory phenotype motion, but displayed motility phenotypes closer to the 1D/oscillatory phenotype than 3D random motility by being more frequently 1D (Fig. 4) . Indeed, although 45% of the α-actinin-depleted cells still showed 3D random-walk motility, 55% forged 1D trajectories in the 3D matrix; these cells migrated randomly (that is, randomly changed their polarization) or unidirectionally (that is, maintained a constant polarization) along these 1D tracks, and no cells showed periodic oscillatory migration ( Fig. 4a ; Table 1 ). The p130Cas-depleted cells still showed 65% 3D randomwalk motility, but 35% forged 1D unidirectional trajectories in the 3D matrix ( Fig. 4c ; Table 1 ). Hence, the 1D migration of p130Cas-depleted cells in matrix was neither temporally random nor periodic, but rather unidirectional, adding a third main type of temporal pattern of migration along the 1D paths in the matrix (Table 1 ). In contrast, VASP-and cysteine-rich protein 1-depleted cells underwent mostly regular 3D random-walk migration in matrix ( Fig. 4b and d) , giving rise to a distribution profile of cell motility similar to the WT cells (Fig. 2e ). As controls, we found that α-actinin-, VASP-and p130Cas-depleted cells all underwent 2D random-walk motility on substrates (not shown).
By re-introducing RNAi-resistant mutants of zyxin selectively incapable of interacting with VASP or α-actinin, into zyxin-depleted cells (Fig. 4e) , we asked whether the capacity of zyxin to interact with these proteins could explain zyxin's function in migrating cells in 3D. The expression of zyxin VBDmu-a zyxin mutant that cannot bind VASP, but can bind α-actinin and p130Cas ( Fig. 4e and f)-in zyxin-depleted cells eliminated the oscillatory motion of most cells. Migratory patterns of these cells were either conventional 3D random walks, 1D random or 1D unidirectional (Fig. 4f) , a motility profile similar to the WT cells. These results indicated that the ability of zyxin to bind VASP had no significant role in regulating the temporal and dimensional controls of motility by zyxin in a 3D matrix.
In contrast, the expression of zyxin ∆ABD -a zyxin mutant lacking its α-actinin-binding domain, but retaining its VASPand p130Cas-binding ability (Fig. 4e,g )-in zyxin-depleted cells converted these cells to a temporally random 1D migration phenotype ( Fig. 4g ). Seventy percent of these cells showed a 1D temporally random migration phenotype, whereas nearly all of the rest showed a 3D random-walk motility phenotype or 1D unidirectional (Fig. 4g) . That the distributions of modes of migratory patterns in α-actinin-depleted cells (Fig. 4a ) and in zyxin ∆ABD cells (Fig. 4g) were different is likely to stem from the fact that α-actininbinding partners, other than zyxin, are not directly affected in the case of zyxin ∆ABD while they are for total α-actinin depletion. These results indicated that α-actinin and the ability of zyxin to bind α-actinin had a significant role in the regulation of the dimensionality of motility patterns of cells in matrix Zyxin-depleted cells form straight channels in a 3D matrix. To move through the matrix, cells need to protrude 31 and remodel the surrounding matrix 37 . Reflection confocal microscopy of the (unlabelled) collagen I matrix containing the cells revealed the microchannels generated by the movements of cells in the matrix. These studies showed that WT cells formed tortuous, thick, 3D, hollow tracks within the matrix, which were consistent with the 3D random-walk motion of the WT cells (Fig. 5a) . The WT cells rarely moved back into empty channels left in their wake, as they preferred Table 1 ).
to deform and digest the matrix ahead of them 38 , indicated by the large majority that underwent 3D random migration (see cell trajectories, Fig. 2a ,e, and Supplementary Movies 5 and 6). Hence, the periodic migratory oscillations of the zyxin-depleted cells in the matrix cannot be merely explained by cells retracing the channel formed during the first excursion because of the reduced steric interactions. In contrast to WT cells, the zyxin-depleted cells formed highly regular, thin, 1D tracks in the matrix (Fig. 5b) , consistent with the 1D motion of the zyxin-depleted cells in the matrix. After forming a straight channel in the matrix during their first excursion, the zyxin-depleted cells moved back and forth in a highly regular manner along that channel (Fig. 2) .
Zyxin depletion promotes polarized protrusions in 3D matrix.
HT-1080 cells in a 3D matrix generate pseudopodial protrusions that follow collagen fibres at the cell's leading edge, as they simultaneously pull on the fibres 31 . We hypothesized that, to mediate 1D motility inside the 3D matrix, zyxin depletion favoured the formation of protrusions oriented along the major cell axis-only in the direction of migration-to induce motility along the 1D tracks within the 3D matrix, instead of being isotropically oriented along the cell periphery. To test this, starting from a first recorded protrusion arbitrarily taken as being oriented in the north direction, we determined the time-dependent angular distribution of subsequent protrusions along the cell periphery ( Fig. 5c-j Fig . S3 shows the methodology used here to measure the orientation of protrusions). Pseudopodia generated by the WT cells formed an isotropic angular distribution within ~12 h, as protrusions occurred not only at the front, but also on the sides of the cell (Fig. 5c ).
In contrast, the angular distribution of protrusions in periodically migrating zyxin-depleted cells was significantly more polarized (Fig. 5d) . The absence of zyxin prevented these cells from generating protrusions uniformly along the cell periphery. Protrusions in talin-depleted cells showed a less uniform angular distribution than the WT cells, but were much more isotropic than the zyxindepleted cells, with many protrusions at angles different from north and south (Fig. 5e) . We note that the angular distribution of protrusions in talin-depleted cells is more enriched in the original northern direction than WT cells, because they have a persistence time of motility that is significantly longer than the WT cells (38 versus 23 min 31 ). Finally, p130Cas-depleted cells, which displayed a significant population of persistent (unidirectional) 1D trajectories inside a 3D matrix (inset, Fig. 4c ), showed a distribution that essentially favoured just one narrow peak after 12 h ( Fig. 5i ; unidirectional cell population only).
Next, we determined the angular distributions of protrusions in zyxin ∆ABD (does not bind α-actinin) and zyxin VBDmu (does not bind VASP) cells (Fig. 4e) , as well as α-actinin-depleted cells and VASP-depleted cells. The majority of zyxin ∆ABD cells maintained the polarized directionality of protrusions, as seen with zyxin-depleted cells ( Fig. 5j; only protrusions of cells undergoing 1D random migration are plotted), but their protrusions were unevenly distributed between the north and south poles, giving rise to the randomness of their 1D trajectories and further supporting the link between the dimensionality and temporal characteristics of the 3D cell motility and the angular distribution of protrusions. Protrusions in α-actinindepleted cells were also mostly polarized north and south, but slightly less so than in zyxin-depleted cells ( Fig. 5h ; only cells undergoing 1D random migration are shown), as expected as these cells undergo 1D random-walk motility in the matrix (Fig. 4a) . The angular distribution of protrusions in α-actinin-depleted cells was more enriched in the original northern direction, because they have a persistence time of motility that is significantly longer than WT cells 31 . In summary, the angular distributions of protrusions strongly correlated with the type of displacements of cells inside a 3D matrix: isotropic for WT cells whose motion is dimensionally 3D, temporally random and single-peaked for unidirectional motion of p130Cas-depleted cells, and two-peaked for zyxin-depleted cells whose motion is 1D and oscillatory. Hence, zyxin depletion caused cells to forge 1D tracks inside the matrix, because it confined cell protrusions to two diametrically opposed directions along the cell axis in a temporally regular way.
Zyxin depletion induces oscillatory migrations on 1D tracks.
Individual zyxin-depleted cells generate highly linear tracks along which they travel back-and-forth in the matrix (Figs 2, 5 ), but undergo temporally and spatially random migration on substrates. We asked whether the oscillatory component of the 1D/periodic oscillatory motion of the zyxin-depleted cells in the matrix was initiated by cues imparted by the fibrillar nature of the matrix, which elongated the cells. To address this question, we confined cells within 20-µm-wide collagen I-coated stripes on substrates flanked by non-adhesive polyethylene glycol-coated stripes to restrict cell motion to quasi 1D tracks similar to those spontaneously generated by zyxin-depleted cells inside a matrix 33 . The width of the stripes was chosen to be similar to the width of the tracks in 3D (Fig. 5b) . This approach allowed us to separate the temporal aspects of migration in matrix (temporally random versus periodic versus unidirectional) from dimensional aspects of migration (1D versus 3D). On stripes, WT cells underwent 1D random-walk motion, albeit more persistent than observed in the 2D and 3D environments (Fig. 6a,d ,e; Supplementary Movie 7). As cells on stripes can reorient their microtubule-organizing center and Golgi by encountering obstacles 25 , we tracked cells far from the marked edges of the patterns.
In contrast, 75% of zyxin-depleted cells adopted a highly regular, periodic pattern of migration along the stripes, similar to the described 1D oscillatory movement of the zyxin-depleted cells inside a 3D matrix (Fig. 6b,f,g; Supplementary Movie 8) . Although the lengths and durations of the oscillations varied from cell to cell, the coefficients of variation in the length, duration and cell speed of the 1D persistent moves for each zyxin-depleted cell was much lower than those of the WT cells (Fig. 6c) .
The confinement of cells to stripes qualitatively changed the organization of filamentous actin and zyxin compared with the 2D case. As expected, EGFP-zyxin was positioned at the leading edge and at focal adhesions on conventional substrates (Fig. 7a) . However, in majority of the cells on 1D stripes, EGFP-zyxin co-localized with actin at the leading and trailing edges, and cortically around the cell body (Fig. 7b, left panel) . Few cells displayed discrete focal adhesions in these leading and trailing edges (Fig. 7b, right panel) , and these focal adhesions were fewer and smaller than in the traditional 2D case, as previously described 39 . The EGFP-zyxin in cells fully embedded inside a matrix do not form large clusters either 31 . Similarly, actin filament bundles, readily visible at the basal surface of cells on substrates, largely disappeared at the ventral side and concentrated at the cortex when cells were confined to stripes (Fig. 7b) , similarly to the concentration of actin bundles at the cortex in cells in the matrix 31 .
For zyxin ∆ABD cells (Fig. 7c,d ) and α-actinin-depleted cells (Fig. 7e,f) on stripes, only temporally random and some unidirectional migration, comparable to WT cells, was observed. These results suggested that temporal and dimensional attributes of cell migration in matrix were tightly controlled by molecular mechanisms similar to those controlling the migration of cells along engineered 1D tracks. These results also suggest that elongating the zyxin-depleted cells may be sufficent to trigger and sustain periodic migration.
Oscillatory migration is not due to matrix compliance. By moving cells from a 2D substratum to the more physiological environment of a 3D matrix, both the dimensionality of the cellular environment and the mechanical compliance of the environment are altered. A glass substratum coated with a thin layer of collagen I has a stiffness of ~10 6 Pa, whereas a collagen I matrix has a low stiffness of ~200 Pa 40 . To assess whether the oscillatory motion of the zyxin-depleted cells was caused by the high compliance of the collagen matrix, and not its three-dimensionality, the WT and zyxindepleted cells were placed on planar compliant substrates using collagen-coated polyacrylamide gels containing controlled densities of crosslinkers, corresponding to stiffness values of 1, 50 and 500 kPa. We found that the WT and zyxin-depleted cells continued to show regular random-walk migration on soft substrates, which was qualitatively similar to that on glass substrates (Fig. 8) . This suggests that the compliance of the 3D matrix alone does not mediate the 1D oscillatory motion of zyxin-depleted cells.
Discussion
Although the periodic motion of subcellular structures is a regular occurrence in eukaryotic and bacterial cells, to our knowledge, this is the first report of large-scale periodic oscillatory migration of cells. These periodic oscillations are spontaneous, that is, not driven by an external field, such as an alternating chemotactic gradient or an alternating electric-field gradient. This phenotype occurs in fibrillar matrix, which is physiologically more relevant than conventional 2D substrates. These studies reveal that, in addition to speed and persistence, cell migration in a 3D matrix also involves control of dimensional (1D versus 2D versus 3D) and temporal properties (periodic versus unidirectional versus random; Table 1 ) of cell movements. Hence, these results reveal that the basic aspects of 3D cell motility are exquisitely more regulated than 2D motility.
This work indicates that the periodic motion of zyxin-depleted cells, although completely abrogated on conventional substrates, can be recapitulated using 1D adhesive stripes to which cells are confined in their movements. Hence, these results also support the notion that 3D motility is more similar to 1D motility than 2D motility 41 . The fact that highly regular periodicity of the migration of zyxin-depleted cells in matrix, both in duration and travelled distance of each excursion, could be recapitulated using 1D stripes further suggest that the periodic migration of these cells may be initiated by a polarization cue (fibrillar collagen or linear stripes), propogated by an inability of the cells to reorient, and regulated by internal 'clock' and 'ruler' , as opposed to extracellular-matrix hindrances or interactions.
How does zyxin ensure random migration of cells in 3D? Accumulating data in 2D studies has indicated that zyxin serves a unique mechanosensing and mechanotransducing role 27, 29, 42 . In response to cyclic stretch or shear stress, zyxin relocalizes from focal adhesions to terminal ends of SF and is required for SF thickening, maintenance and repair in response to external forces 29, 42 . Whether the oscillation of the zyxin-depleted cells is a reflection of altered mechanosensing is a possibility, but it is unlikely to represent this function of zyxin, as this has been shown to require VASP binding and localization to SF 27, 29 , whereas prevention of cellular oscillations in 3D by zyxin did not require VASP binding. Whether zyxin influences cell polarity response in a 3D matrix is another possibility, but the precise polarity responses of migrating cells in physiological 3D matrices remain to be defined and may well be distinct from cells on substrates. Moreover, zyxin has not been implicated in the direct regulation of cell polarity in cells migrating on substrates. We note that the enhanced persistence induced by depletion of zyxin is not sufficient to induce 1D/periodic migration. Indeed, the inhibition of Rho GTPase Rac1, which is known to enhance the persistence of migration 43 , did not induce significant 1D periodic migration in matrix ( Supplementary  Fig. S4 ). Rather, treated cells displayed the full range of dimensional and temporal characteristics associated with various modes of motility (Table 1 ). The drug NSC23766, which mainly targets and inhibits the Rho GTPase Rac 1 38, 44 , was applied at a final concentration of 10 µM. Genetic and protein oscillations in cells often stem from negative feedback loops containing at least three regulatory elements 45, 46 . By analogy, periodic 1D migratory oscillations may involve a negative feedback loop, which is likely to contain the major polarity complex Cdc42-PAR3-PAR6-aPKC and members of the Rho GTPase family [47] [48] [49] . The presence of a feedback loop may be induced by the (similar) 1D confinement of cells both in 1D micropatterns and in 3D matrix. Indeed, cell shape independent of other factors can have profound effects on the spatial distribution and level of activity of proteins, and therefore on signalling pathways 50 . Hence, after their initial elongation along the 1D fibres, cells in matrix control the dimensionality of their migratory patterns. It is not per se the extracellular matrix composed of 1D fibres that sustains the 1D migration of zyxin-depleted cells, as the lengths of cell excursions is much longer than both the pore size and the length of collagen fibres of the matrix. When adhesion ligands are presented in a linearly restricted fashion (via patterning on glass or collagen fibres in reconstituted matrices), cell morphology is similarly elongated instead of showing the broad, flat and thin morphology of cells on substrates. A signature of this similar cellular confinement may be reflected by the status of focal adhesions. On substrates, large focal plaques form along the basal surface of cells, but for 3D and 1D topologies, adhesion size and number are significantly reduced and their composition altered 31, [50] [51] [52] . Depletion of proteins with shRNAs. The RNAi sequences targeting mRNA of each probed protein were selected with the RNAi design online programme from Dharmacon (http://www.dharmacon.com). Three to four targeting sites were chosen for each gene. After testing in HT1080 cells and 8387 fibrosarcomas with lentivirus-mediated RNAi, those that showed more than 90% depletion were selected for motility experiments. Depletion of talin, vinculin, FAK, p130Cas and zyxin in HT1080 cells was conducted as described in Fraley et al. 31 . The sequences used to deplete α-actinin and VASP are (the number after the sequence denotes the targeting position in mRNA): mh-ACTN1,4 5′-GCAGAGAAGTTCCGGCAGA-3′ (1299); mh-ACTN1,4 5′-GACCAAGATGGAGGAGATC-3′ (2123); mh-VASP 5′-GAGCCAAACTCAGGAAAGT-3′ (586). To rescue the zyxin-depleted cells, we generated an RNAi-resistant isoform of hZyxin (rrhZyxin) with four point mutations in the zyxin shRNA target sequence, keeping encoded amino acids intact ( Supplementary Fig. S1A ). Full-length rrhZyxin was obtained by overlapping PCR and subcloned into pFLRu-hZyxin-shRNA(756) in-frame with a C-terminal FlagHis tag. The zyxin mutant cDNA lacking the α-actinin-binding domain (zyxin ∆ABD) was synthesized by removing amino acid residues 22-42 using rrhZyxin as a template, zyxin mutant lacking the VASP-binding domain (zyxin VBDmu) was constructed by making four point mutations (F71A, F93A, F104A, F114A), using rrhZyxin as a template kindly provided by Dr. Mary Beckerle (University of Utah). The two zyxin mutant cDNAs were subcloned into or pFLRu-hZyxin-shRNA(756) in-frame with C-terminal Flag-His tag; all constructs were sequence-validated. The shRNA expression cassettes were constructed by joint PCR, as described 31 .
Methods
To rescue the depleted zyxin, an RNAi-resistant isoform of rrhZyxin was generated with zyxin shRNA target sequence, keeping encoded amino acids intact, based upon wobble base pairing rules. Full-length rrhZyxin was obtained by joint PCR and subcloned into pFLRu-hZyxin-shRNA(756) in-frame with C-terminal Flag-His tag. To construct C-terminal GFP-tagged zyxin in a lentiviral vector, we synthesized hZyxin cDNA by PCR and cloned it into the lentiviral vector pFLRu-GFP. Lentiviruses were generated and assessment of protein depletion in HT1080 ( Supplementary Fig. S1 ) and 8387 fibrosarcoma cells ( Supplementary Fig. S2 ) was conducted as described in Fraley et al. 31 . We note that the expression of a mutant zyxin first involves an shRNA-based depletion of endogeneous zyxin. Therefore, the two-part transduction, when zyxin mutant are expressed, results in some small residual 1D periodic behaviour, which is likely due to differences in expression levels of mutant zyxin (Fig. 2) .
2D collagen I substrata. Two-dimensional cell culture plates were prepared by adding soluble rat tail type I collagen in acetic acid (BD Biosciences, San Jose, CA) to achieve a coverage of 33 µg cm − 2 and incubated at room temperature for 2 h. Plates were then washed gently three times with PBS and plated with a low density of cells.
1D collagen I micropatterns. One-dimensional, 20-µm-wide stripes were patterned on glass coverslips using established microlithography techniques, as described 33 . Polydimethylsiloxane stamps were made by curing on an etched silicon wafer at 60 °C for 3 h. They were then coated with soluble rat tail type I collagen in acetic acid (BD Biosciences) and incubated at room temperature for 10 min. Simultaneously, glass coverslips were incubated in 5% (v/v) trimethoxysilane (Sigma) in ethanol for 20 min in the dark. Next, the coverslips were washed well with ethanol, then dried along with the coated stamps using pressurized N 2 .
The coated stamps were applied to the coverslips using tweezers to avoid smudging and then swiftly removed. A 1 mg ml − 1 solution of polyethylene glycol in room temperature PBS was then made and added to the stamped surface to incubate for 2 h in the dark. Coverslips were gently washed with room temperature PBS three times before cells were plated. Stamped 1D stripes are 3 mm in length. Care was taken to image in the middle of the patterned surface (to avoid edge effects), which was outlined with permanent marker on the bottom of the dish at the time of stamping.
3D collagen I matrices. Cell-impregnated 3D collagen matrices were prepared by mixing cells suspended in culture medium and 10× reconstitiution buffer (2.2 g sodium bicarbonate and 4.8 g HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) in 100 ml nanopure water), 1:1 (v/v), with soluble rat tail type I collagen in acetic acid (BD Biosciences) to achieve a final concentration of 2 mg ml − 1 collagen. Then, NaOH (1 M) was added to normalize pH (pH 7.0, 15-30 µl 1 M NaOH) and the mixture was placed in multi-well, coverslip-bottom culture plates (LabTek, Campbell, CA). All ingredients were kept chilled to avoid premature collagen polymerization, with care taken during mixing to avoid the introduction of bubbles into the collagen solution. Collagen gels were allowed to solidify overnight in an incubator at 37 °C and 5% CO 2 , then 500 µl of cell culture medium was added on top of the gels before use in experiments 31, 38 . Cell density was kept low so as to ensure that single-cell motility measurements were accurate.
Immunofluorescence microscopy and reflection confocal microscopy. To visualize collagen, F-actin, and focal adhesions in cells plated 1D stripes, cells were fixed, permeablized, then incubated with primary antibodies against collagen I and zyxin for 1 h, or made to express EGFP-zyxin before plating and fixing. Then, they were washed and incubated with secondary antibody and Alexa Fluor 488 phalloidin (Invitrogen) for 1 h. Images of cells were collected using a Nikon A1 confocal microscope equipped with a ×60 water-immersion objective (Nikon) and controlled by Nikon Elements imaging software (NIS-3.1).
To visualize tracks left in the 3D collagen matrices by embedded cells, a Nikon A1 confocal microscope was configured to capture only reflected light from the 488-nm laser used to illuminate the sample and using a ×60 oil-immersion objective, NA = 1.4, WD = 210 µm (Nikon).
Cell tracking and trajectories. Cells embedded in the 3D collagen matrices were imaged at low magnification (×10) for 16.5 h. Single cells were tracked using image recognition software (Metamorph/Metavue), with position (x and y coordinates) measurements taken every 2 min. Trajectories were plotted based on this coordinate data. The 1D distance versus time graph for any given zyxin-depleted cell was plotted by comparing each position coordinate to the coordinate at the preceding time point to determine whether the cell was moving forward or backward. Then a ' + ' or ' − ' sign (forward or backward, respectively) was applied to the distance travelled between the two time points. Summing these distances and plotting them against time gives the distance versus time graph. Supplementary Movies 1,2,3 ,4,5,6 and 7 illustrate the methodology used in this paper to track individual cells on 1D and 2D substrates, and inside a 3D matrix, respectively. We note that only matrix-embedded cells, at least 200 µm away from the glass substrate, were monitored so as to avoid possible edge effects 51 .
Cell protrusion orientation. Protrusions at least 5 µm in length were monitored using a Roper Scientific Cascade 1 K CCD camera mounted on a Nikon TE2000E microscope. Low-magnification images were taken 2 min apart for at least 12 h. The length and position of the protrusions along the cell periphery were computed using tools in the Metamorph software and by hand. For protrusion orientation measurements, the space around the cell, originating at the cell's centriod, was divided into eight equal partitions with the northern partition aligned with the longest initial cellular protrusion. The fraction of total cellular protrusions that each of the eight partitions encompassed was calculated for each cell. Then all the data was combined to plot a final graph representing the fraction of protrusions in each partition. The protrusions of at least ten cells were characterized on three different days for each condition. Supplementary Figure S4 illustrates the method used in this paper to compute the orientation of protrusions during cell migration in matrix. 
